r Intrinsic hyperexcitability of spinal motoneurones is thought to contribute to excitotoxicity during amyotrophic lateral sclerosis (ALS), but it has never been demonstrated that adult motoneurones become hyperexcitable before disconnection from their muscle fibres.
Introduction
The intrinsic excitability of a neurone is a primary determinant of its normal function and is probably homeostatically regulated. Preservation of normal excitability is particularly important for spinal motoneurones, which generate the output of all motor commands. A dysfunction of homeostatic control of motoneurone excitability might occur in amyotrophic lateral sclerosis (ALS), in which there is a progressive degeneration of these cells.
ALS is an adult onset neurodegenerative disease leading to the death of both corticospinal motor neurones and spinal motoneurones. Despite the fact that mutations on several genes have been identified in familial forms of the disease, including the superoxide dismutase 1 (SOD1) G93A gene mutation (Rosen et al. 1993) , the pathophysiology of ALS remains poorly understood. Many mechanisms have been proposed (reviewed in Ilieva et al. 2009 ), among them oxidative damage, protein aggregation, axonal transport deficits and astrocyte-mediated cell damage. Glutamate-mediated excitotoxicity has been proposed very early on as a potential mechanism for the degeneration of motoneurones in ALS (Rothstein et al. 1990 ). According to this hypothesis, an elevation of intracellular calcium by repetitive firing or by calcium-permeable glutamate receptors is harmful and would trigger their apoptotic death. Calcium-related apoptotic death is particularly probable in motoneurones, given their restricted calcium buffering capabilities (von Lewinski & Keller, 2005) . As part of the excitotoxicity hypothesis, it was suggested that intrinsic hyperexcitability of motoneurones could, by itself, contribute to excitotoxic stress (Kuo et al. 2005; von Lewinski & Keller, 2009; Ilieva et al. 2009) . A chronically hyperexcitable motoneurone would fire more spikes in response to a given synaptic input and consequently more calcium ions would flow into the cytoplasm, eventually leading to its death.
Using mouse models incorporating the mutant human SOD1 gene (mSOD1), several studies have set out to test the intrinsic excitability of the motoneurones during ALS. Very young motoneurones from mSOD1 embryos recorded in whole spinal cords in vitro (Martin et al. 2013) or in culture (Pieri et al. 2003; Kuo et al. 2005 ) are clearly hyperexcitable due to increased sodium currents. Neonatal motoneurones display a strong upregulation of both voltage-sensitive sodium and calcium currents (Quinlan et al. 2011 ). Yet unlike motoneurones from embryos, the input conductance of neonatal motoneurones is substantially increased in mSOD1 mice (Bories et al. 2007; Quinlan et al. 2011) . This conductance increase compensated for the increased voltage-dependent currents and thereby kept overall excitability of neonatal mSOD1 motoneurones at the same level as controls (Quinlan et al. 2011) .
Nevertheless, if intrinsic hyperexcitability is a significant contributor to cell death in ALS, it should become manifest at later developmental stages and it should reach its maximum at the age where neuromuscular junctions start to degenerate. It is thus particularly important to establish whether spinal motoneurones are hyperexcitable just before the degeneration of neuromuscular junctions. A previous study by Meehan et al. (2010) has assessed adult motoneurone excitability in a different SOD1 model (G127X). The authors have shown that, in this model, there were no changes in input conductance or rheobase, but the transition from primary range to secondary range occurred at a lower firing frequency, suggesting an increase in calcium persistent current. However, the time of denervation is unknown in this model and it is therefore difficult to assess if these changes precede or follow the denervation. Jiang et al. (2009) have shown that there were no changes in the monosynaptic reflex loop in the sacrocaudal cord of adult G93A mice, but this study does not allow separation of intrinsic and extrinsic excitability. In the present study, we have used SOD1 G93A mice, in which the times of denervations are well known (Pun et al. 2006; Hegedus et al. 2007 Hegedus et al. , 2008 , and we have investigated the intrinsic electrical properties of adult mouse motoneurones both in vivo and in vitro (Jiang & Heckman, 2006; Manuel et al. 2009 ). We studied the age range of 30-80 days, spanning the time when the first waves of denervation occur without appreciable motoneurone loss in the spinal cord (Gurney et al. 1994; Chiu et al. 1995) . Our results show that, in both preparations, excitability was preserved in the majority of cases despite an increase in cell input conductance. In a substantial number of motoneurones, however, hypoexcitability developed as they failed to produce sustained firing in response to quasi-stationary inputs. Altogether, motoneurones do not develop hyperexcitability at stages of the disease just preceding the denervation of neuromuscular junctions. Instead, homeostatic processes maintain excitability in most cells and, in a substantial subpopulation, homeostasis fails and is replaced by hypoexcitability. These results show that, if excitotoxicity is indeed a fundamental cause of degeneration, it is not caused by an intrinsic hyperexcitability of the motoneurones but must instead be due to alterations in their synaptic inputs.
Methods

In vivo experiments
In vivo experiments were performed in accordance with European directives (86/609/CEE and 2010-63-UE) and French legislation. They were approved by the Paris Descartes University ethics committee.
Because of the invasive nature of the in vivo experiments, we chose to backcross the SOD1 G93A transgene on a CD1 strain, which is easier to breed and was thought to have a lower mortality to our surgical procedures. B6.CgTg(SOD1 * G93A)1Gur/J males (Jackson Laboratory, Bar Harbor, ME) were crossed with CD1 females (Charles River, L'Arbresle, France) and the transgene copy number was measured by quantitative polymerase chain reaction and was found to be >20. The CD1-Tg(SOD1 * G93A) mice had a phenotype very similar to the mSOD1 mice on B6 and B6SJL backgrounds. They developed a progressive paralysis starting with the hindlimbs at about postnatal day (P)90, and reached their endstage point at about P120. Motoneurones from mSOD1 mice were compared to a population of wild-type (WT) motoneurones, recorded from their non-transgenic littermates, as well as the CD1 mice used in Manuel et al. (2009) .
The surgical procedures have been described previously (Manuel et al. 2009; Iglesias et al. 2011; Manuel & Heckman, 2012a) . Briefly, atropine (0.20 mg kg −1 ; Aguettant, Lyon, France) and methylprednisolone (0.05 mg; Solu-Medrol; Pfizer, Paris, France) were given subcutaneously at the onset of experiment, to prevent salivation and oedema, respectively. Fifteen minutes later, the anaesthesia was induced with an intraperitoneal injection of sodium pentobarbitone (70 mg kg −1 ; pentobarbital; Ceva Santé Animale, Libourne, France). A tracheotomy was performed, and the mouse was artificially ventilated with pure oxygen (SAR-830/AP ventilator; CWE, Ardmore, PA). The end tidal P CO 2 was maintained at about 4% (MicroCapstar; CWE). The heart rate was monitored (CT-1000; CWE), and the central temperature was kept at 37°C using an infrared heating lamp and electric blanket. A catheter was introduced in the external jugular vein, allowing us to supplement the anaesthesia whenever necessary (usually every 10-20 min) by intravenous injections (6 mg kg −1 ). The adequacy of anaesthesia was assessed on lack of noxious reflexes and on the stability of the heart rate (usually 400-500 bpm) and end-tidal P CO 2 . A slow intravenous infusion (50 μl h −1 ) of a 4% glucose solution containing NaHCO 3 (1%) and gelatine (14%; Plasmion; Fresenius Kabi, Sèvres, France) helped maintain the physiological parameters. In some experiments, the animal was paralysed after the surgery with pancuronium bromide (Pavulon; Schering-Plough, Courbevoie, France). In this case, additional doses of anaesthetics were provided at the same frequency as before the paralysis, and adequacy of the anaesthesia was assessed on the stability of the heart rate and of the P CO 2 . In all experiments, the sciatic nerve was dissected and mounted on a monopolar electrode for stimulation. The vertebral column was immobilized with two pairs of horizontal bars (Cunningham Spinal Adaptor; Stoelting, Dublin, Ireland) applied on the Th12 and L2 vertebral bodies, and the L3-L4 spinal segments were exposed by a laminectomy at the Th13-L1 level. The tissues in the hindlimb and the spinal cord were covered with pools of mineral oil. At the end of the experiments, animals were killed with a lethal intravenous injection of pentobarbitone. The motoneurones were impaled with micropipettes (tip diameter, 1.0-1.5 μm) filled with 3 M KCl (resistance, 5-10 M ). Recordings were made using an Axoclamp 2B amplifier (Molecular Devices, Sunnyvale, CA) connected to a Power1401 interface and using the Spike2 software (CED, Cambridge, England). After impalement, identification of motoneurones rested on the observation of antidromic action potentials in response to the electrical stimulation of their axon in the sciatic nerve. All motoneurones retained for analysis had a resting membrane potential below −50 mV and an overshooting action potential >65 mV. All recordings were performed using the discontinuous current clamp mode (7-9 kHz) and sampled at 20 kHz.
In vitro experiments
Intracellular recordings were made from motoneurones in the sacrocaudal spinal cord of adult B6SJL-Tg(SOD1 * G93A)1Gur/J mice and their non-transgenic littermates (age 40-50 days old). All experimental procedures were approved by Northwestern University animal research committee.
Procedures have been described previously (Jiang & Heckman, 2006; . Briefly, animals were anaesthetized with urethane (1.8 g kg −1 ) to dissect out the spinal cord caudal to the T12 vertebra. The sacrocaudal spinal cord was then transferred to a dissection dish containing oxygenated modified artificial cerebrospinal fluid (mACSF) at room temperature (20-21°C). Following a 1 h resting period in mACSF, the cord was transferred to a recording chamber, where it was submerged in normal ACSF flowing at 3-6 ml min −1 at room temperature. The cord was secured by passing insect pins through lateral vasculature and connective tissue and into a silicone elastomer (Sylgard) base. The normal ACSF had the was used to advance the electrodes into the ventral horn, and intracellular recordings from motoneurones were made with an Axoclamp 2B intracellular amplifier (Molecular Devices, Sunnyvale, CA) running in bridge mode or in discontinuous current clamp mode (switching rate 5-8 kHz, output bandwidth 10 kHz) and sampled at 20 kHz with a Spike2/1401Plus system (CED). The ventral roots were wrapped around Ag/AgCl stimulating electrodes and sealed with grease, which allowed for antidromic identification of motoneurones. Motoneurones with a resting potential below −55 mV and antidromic spike overshoot >0 mV were retained for analysis. Neurones were recorded at least 2 h after the injection of urethane, and after the spinal cord was immerged for more than 1 h in ACSF, giving ample time to wash out any residual anaesthetics from the spinal cord, as shown by the fact that persistent inward currents can be readily recorded in the same conditions in rat sacrocaudal spinal cord (Bennett et al. 2001) .
Electrophysiology
Upon penetration, a series of small amplitude, square current pulses were used to plot the I-V relationship. Motoneurones of mSOD1 mice, as those of WT mice (Manuel et al. 2009 ), exhibited a voltage sag, leading to a plateau, in response to small (depolarizing or hyperpolarizing) current pulses and a rebound (either hyperpolarizing or depolarizing) after the cessation of the pulse (Fig. 1A) . These features suggest the presence of an I h current (McLarnon, 1995) . As a consequence, the input conductance was measured from the peak responses (arrowhead in Fig. 1Aa ), where the contribution of the I h current was negligible. The 'sag ratio' of the voltage response was then computed as the ratio of the peak resistance over the plateau resistance (Manuel et al. 2009 ).
The discharge properties were investigated using triangular ramps of current (rate 0.1-10 nA s −1 ). F-I curves were obtained by plotting the instantaneous firing frequency versus the intensity of the injected current at the time of the spike. In few cases, long-lasting (500 ms) depolarizing current pulses, repeated at the frequency of 1 Hz, were also used to study the stationary discharge properties.
The voltage threshold for firing was determined on the first spike of a current ramp, as the point at which the first derivative of the voltage reached 10 mV ms −1 (Sekerli et al. 2004 ). The onset current was determined as the intensity of the current ramp at this time point.
Data analysis
We have compared the electrical properties of 51 mSOD1 (from 19 animals) and 49 WT motoneurones (from 23 animals) recorded in the lumbar cord in vivo and 34 mSOD1 (from 18 animals) and 41 WT (from 23 animals) in the sacrocaudal cord in vitro. Most of the electrical properties described in the Results section did not have a normal distribution (Kolmogorov-Smirnov test), and we therefore used the non-parametric Wilcoxon-Mann-Whitney test to compare averages. P < 0.05 was considered as significant.
Because the disease progresses over the time period used in our in vivo study (WT: 34-76 days old, 55 ± 13 days old, n = 49 vs. mSOD1: 38-82 days old, 59 ± 13 days old, n = 51; distributions not significantly different, Kolmogorov-Smirnov P = 0.24), we tested the effect of age vs. mutation using a non-parametric, non-linear ANCOVA (Young & Bowman, 1995) . This was performed in R v.2.11.1 (R Development Core Team, 2010) using the sm package v.2.2-4.1 (Bowman & Azzalini, 2010) . Other statistical tests were performed either in Kaleidagraph v4.1 (Synergy Software, Reading, PA) or in R.
The motoneurones recorded in vitro were taken from a more restricted time range that was comparable in both genotypes (WT: 41-51 days old vs. mSOD1: 40-50 days old).
Results
Lumbar motoneurones display an increase of their input conductance
We first compared the input conductance (Fig. 1A ) of mSOD1 and WT lumbar motoneurones recorded intracellularly in anaesthetized mice from 34 to 82 days old. The input conductances of mSOD1 and WT motoneurones are plotted against mouse age in Fig. 1B . ANCOVA analysis revealed that the mSOD1 mutation elicited an upward shift in the peak input conductance (P = 0.003) as shown in Fig. 1C . The mutation had the same impact on conductance regardless of the age of the animals (no significant interaction between age and mutation factors; P = 0.64, ANCOVA test for parallelism). Accordingly, the whole distribution of input conductances was shifted towards larger conductances (Fig. 1C ). Most notably, we did not find any mSOD1 lumbar motoneurones with input conductances smaller than 0.2 μS whereas WT motoneurones with input conductances smaller than this value were commonly observed. At the other end of the conductance spectrum, a few mSOD1 motoneurones had input conductances larger than 0.8 μS but these large values were never observed in WT motoneurones. On average, the input conductance increased from 0.37 ± 0.16 μS (0.10-0.77 μS, n = 49) in WT mice to 0.50 ± 0.18 μS (0.22-0.93 μS, n = 47, one-tailed Wilcoxon-Mann-Whitney P < 0.001) in mSOD1 mice (i.e. a 35% average increase).
The mutation also induced an increase of the plateau conductance compared to controls (P = 0.006, ANCOVA), once again regardless of the age of the animal (no significant interaction between age and mutation factors, P = 0.26, ANCOVA test for parallelism). The plateau input conductance was 0.61 ± 0.28 μS (0.12-1.25 μS, n = 49) on average in control animals, and it increased to 0.70 ± 0.31 μS (0.25-1.61 μS, n = 47) on average in mSOD1 mice (one-tailed Wilcoxon-Mann-Whitney P = 0.001). However, the difference in sag ratio between the two populations of motoneurones was not significant (1.32 ± 0.26, n = 49 vs. 1.38 ± 0.23, n = 47; P = 0.12, ANCOVA), suggesting that the mutation causes the I h current to increase in parallel with the input conductance.
The increase in average input conductance cannot be explained by the death of the small motoneurones as the whole spectrum of conductances is shifted toward larger values, with the emergence of high conductances never observed in WT motoneurones. Furthermore, at the age at which our recordings were performed, no significant cell loss was observed in the spinal cord (Gurney et al. 1994; Chiu et al. 1995) .
Despite the increased input conductance, excitability is unchanged in most mutant superoxide dismutase 1 motoneurones
The excitability of a neurone is determined by the amount of excitation (i.e. current) required to bring its membrane potential to firing threshold, and once firing has started, by the slope of its input-output relationship. To investigate whether the threshold current and the F-I gain were modified, we studied the firing properties of mSOD1 and WT motoneurones in response to slow triangular ramps of currents. Figure 2 shows the responses of two typical motoneurones recorded in the same 39 day old mSOD1 mouse. As in WT animals, the motoneurones of mSOD1 mice exhibited a subprimary range where small subthreshold oscillations at high frequency preceded the emission of a full-blown spike (arrowheads in Fig. 2Ab and Bb; Manuel et al. 2009 ). This range was followed by the classical primary range where subthreshold oscillations were absent ( Fig. 2Ac and Bc). During the descending ramp, oscillations reappeared at the end of the discharge. However, the response to the slow triangular ramps was asymmetric. In most cases (17 of 20 or 85% in mSOD1 mice; 22 of 31 or 71% in WT mice), the de-recruitment current was higher than the recruitment current and the F-I relationship 
mSOD1 motoneurones have a larger input conductance than WT motoneurones
Aa, average responses of a mSOD1 motoneurone (top traces; each trace is an average of five sweeps) to a series of current pulses (bottom traces) lasting 500 ms and ranging from −3 to +2 nA. Notice the sag on the voltage response of the motoneurone: the voltage rapidly reached a peak, before stabilizing to a lower plateau value. Ab, plot of the deflection of the voltage ( V, measured at the peak of the response, arrowhead in Aa) versus the intensity of the current pulse. B, plot of the input conductances of WT and mSOD1 motoneurones versus the age of the mice. C, distribution of the input conductances (Gin) of WT (top) and mSOD1 (bottom) motoneurones. In each histogram, arrowheads mark the position of the mean. mSOD1, mutant superoxide dismutase 1; WT, wild-type.
J Physiol 592.7 displayed a clockwise hysteresis (Fig. 2Ad) . In the other cases (three of 20 or 15% in mSOD1 mice; nine of 31 or 29% in WT mice), the recruitment current was lower and the F-I relationship displayed a counter clockwise hysteresis ( Fig. 2Bd ; no difference in the proportions of clockwise and counter clockwise hystereses between WT and mSOD1 motoneurones, P = 0.32, Fisher's exact test). All these features (subprimary range preceding the primary range, clockwise or counter clockwise hysteresis) were similar to those that we previously described in lumbar motoneurones of WT mice (Manuel et al. 2009; Iglesias et al. 2011) .
Remarkably, the recruitment current was not different in the motoneurones of WT and mSOD1 mice. The recruitment current was highly correlated to the input conductance: the larger the input conductance, the higher the recruitment current (WT: Pearson product-moment correlation coefficient r = 0.64, P < 0.0001 vs. mSOD1: r = 0.85, P < 0.0001; WT and mSOD1 regressions are not significantly different, P = 0.68, ANCOVA; Fig. 3A ), just as in normal motoneurones in other species (Fleshman et al. 1981; Gustafsson & Pinter, 1984; Zengel et al. 1985) . The recruitment current spanned the same range in mSOD1 (2.1-11.4 nA) as in WT mice (1.2-12.6 nA) and the average values were not significantly different (WT: 5.0 ± 3.5 nA, n = 37 vs. mSOD1: 6.0 ± 3.0 nA, n = 29; P = 0.11, two-tailed Wilcoxon-Mann-Whitney; Fig. 3B ). Moreover, the gain in the primary range was similar in the two populations of motoneurones (Fig. 4A) . The gain was 18.0 ± 9.7 Hz nA −1 (7-40 Hz nA −1 ; n = 23) in WT mice and 16.2 ± 6.7 Hz nA −1 (9-32 Hz nA −1 , n = 12; P = 0.85, two-tailed Wilcoxon-Mann-Whitney) in mSOD1 mice. Altogether, excitability in mSOD1 motoneurones is unchanged despite the input conductance increase.
The lack of change in recruitment current was not due to a parallel hyperpolarization of the voltage threshold for spiking (WT: −64 to −28 mV, −51 ± 8 mV, n = 35 vs. mSOD1: −64 to −30 mV, −49 ± 8 mV n = 18; P = 0.3, two-tailed Wilcoxon-Mann-Whitney; Fig. 4B ), nor to a depolarization of the resting membrane potential (WT: −81 to −50 mV, −66 ± 9 mV, n = 49 vs. mSOD1: −83 to −50 mV, −63 ± 9 mV, n = 51; P = 0.15, two-tailed Wilcoxon-Mann-Whitney). The resting membrane potential did not change despite the increase in I h current. This suggests that the leak conductance increased in parallel with I h as both conductances have an opposite effect on the resting membrane potential. Instead, the fact that recruitment current was unaltered despite the increased input conductance might be due to an upregulation of subthreshold depolarizing currents. Supporting this assumption, we often observed an acceleration of the voltage trajectory before the first spike on a current ramp (compare Fig. 3Ca and Cb). As a consequence, the recruitment current (measured current) was smaller than the theoretical current that would be expected if only leak currents were present before the initiation of the first spike (i.e. linear voltage trajectory). The difference between the theoretical current (estimated by extrapolating the linear voltage trajectory close to rest until it reached the voltage threshold) and the measured current was larger in mSOD1 motoneurones (1.9 ± 1.6 nA, n = 14) than in WT motoneurones (0.7 ± 1.0; n = 33; P = 0.002, one-tailed Wilcoxon-Mann-Whitney). This suggests that some subthreshold depolarizing currents are upregulated in mSOD1 motoneurone providing the basis for homeostatic regulation of motoneurone excitability. This acceleration in membrane potential in motoneurones is probably due to the action of a persistent sodium (Cb) motoneurone (the mSOD1 motoneurone is the one illustrated in Fig. 2A ). I on is measured as the current intensity at which the motoneurone fires the first spike ('measured I on ', dashed line), while the 'theoretical I on ' is the current intensity that would be needed to reach the same voltage threshold if the membrane was purely passive (dot-dashed line). mSOD1, mutant superoxide dismutase 1; WT, wild-type.
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current (Harvey et al. 2006; Kuo et al. 2006 ). An increase in persistent sodium current has previously been demonstrated in mSOD1 motoneurones in the neonate (Quinlan et al. 2011) and thus the present result suggests that this increase persists in the adult state.
A fraction of motoneurones are hypoexcitable
In contrast, not all mSOD1 motoneurones were able to produce a repetitive discharge during the ramp of current. Some motoneurones only fired a few spikes during the ascending ramps (Fig. 5Aa ) while others were not able to fire at all (Fig. 5Ba) despite the fact that all motoneurones were nevertheless able to emit a single spike in response to a brief pulse of current (see Fig. 5Ab and Bb).
Remarkably, these motoneurones lost their ability to produce a sustained discharge before their neuromuscular junctions stopped working. Figure 5Ab shows that the neuromuscular junctions of this motoneurone can be reliably activated at a rate of 30 Hz when triggering spikes with short pulses of current. This suggests that the loss of function in the motoneurone cell body (inability to produce sustained firing) preceded the peripheral functional impairment.
Among 38 tested motoneurones in mSOD1 mice, only 22 (58%) were able to produce sustained firing during the slow ramps of currents (bottom solid bars and pie chart, Fig. 6A ). Twelve (32%) failed to discharge a single action potential during the slow ramps despite the fact that they were still able to fire one spike in response to a short current pulse (bottom crosshatched bars and pie chart, Fig. 6A ). Four more motoneurones (10%) produced only a few spikes during the ramp (bottom hatched bars and pie chart, Fig. 6A ). Interestingly, the input conductances of those motoneurones (that failed to respond to a slow ramp or that exhibited a poor response) were spread in the full range of input conductances of mSOD1 motoneurones. In sharp contrast, 36 motoneurones of the 41 tested (88%) in WT mice produced sustained firing during a slow ramp of current (top solid bars, Fig. 6A ) whereas only three (7%) did not discharge at all during the ramp (though they could fire one spike in response to a current pulse, top crosshatched bars, Fig. 6A ) and only two (5%) discharged only a few spikes during the ramp (top hatched bars; Fig. 6A ). Moreover, those motoneurones that failed to produce sustained firing during the ramp were restricted to those that had the highest input conductance (above 0.42 μS). Overall, the proportion of motoneurones in mSOD1 mice that failed to produce a good repetitive firing in response to a slow ramp of current was much higher than in WT mice (16 of 38 for mSOD1 mice vs. five motoneurones of 41 for WT mice; P = 0.004, Fisher's exact test) and their input conductances are spread across the full spectrum of input conductances, unlike in WT mice.
The contrast between motoneurones from WT and mSOD1 mice is even more striking in the time window P34-P60 (Fig. 6B) , that is to say the period just preceding and during the very first denervations of neuromuscular junction (Pun et al. 2006; Hegedus et al. 2007 Hegedus et al. , 2008 . At this time period, all 21 WT lumbar motoneurones displayed full repetitive firing in response to a slow ramp (top solid bars and pie chart, Fig. 6B ). However, only 11 of 17 mSOD1 lumbar motoneurones (65%) were able to produce sustained firing (bottom solid bars and pie chart, Fig. 6B ). The six others (35%) were unable to discharge a single spike during the ramp despite being able to fire one spike in response to a short pulse (bottom crosshatched bars and pie chart, Fig. 6B ; P = 0.004, Fisher's exact test). Again their input conductances spanned the full range of input conductances of mSOD1 motoneurones. These results clearly indicate that, in mSOD1 mice, a large fraction of motoneurones were unable to fire repetitively and therefore were less excitable.
Changes in spike generating mechanisms in hypoexcitable motoneurones
In neonatal cells, a primary compensation for the increase in input conductance is an increase in persistent inward sodium currents. As demonstrated by Kuo et al. (2006) , Miles et al. (2005) and others (Lee & Heckman, 2001; Harvey et al. 2006; Bouhadfane et al. 2013 ), a deficit in persistent sodium current prevents a motoneurone from producing sustained firing in response to long current pulses or slow ramps of current. If the failure of spike generation in hypoexcitable cells is indeed due to failure of the persistent sodium current to keep up with increased input conductance, then the hypoexcitable cells should exhibit two behaviours: there should be a lack of a upswing in membrane depolarization just before spike onset (a behaviour generated by persistent sodium current) and the cells should still spike to sharp transient inputs (as these rapidly rising inputs do not need the assistance of the upswing in membrane potential). Consistent with these predictions, all the motoneurones that failed to produce a sustained discharge were able to emit a single spike in response to a brief pulse of current (see above). Furthermore, the voltage upswing observed in motoneurones that fire repetitively is absent in the motoneurones that fire only a few spikes in response to a slow current ramp. Figure 7 shows the upswings (empty arrowheads) in two motoneurones that are able to produce a sustained firing (mSOD1 and WT motoneurone, top two traces, respectively). In sharp contrast the voltage . Some mSOD1 motoneurones are hypoexcitable A, example of an mSOD1 motoneurone that fired only a few spikes in response to slow current ramps. Aa, current ramp (bottom trace) and voltage response (top trace). Ab, this motoneurone was nevertheless able to fire single spikes (middle trace) in response to a train of brief current pulses (bottom trace) and its neuromuscular junction was still functional, as shown by the fact that electromyography activity (top trace) was consistently observed following each spike (inset: superposition of all the electromyography sweeps showing very little variability). B, example of an mSOD1 motoneurone that was unable to fire any spike in response to slow current ramps. Ba, current ramp (bottom trace) and voltage response (top trace). Bb, this motoneurone was nevertheless able to fire a single spike (top trace) in response to a brief pulse of current (bottom trace). mSOD1, mutant superoxide dismutase 1. J Physiol 592.7 trajectory of the mSOD1 motoneurone unable to produce a sustained firing (bottom trace) plateaus below the expected passive trajectory (dashed line) just before firing the first spike (filled arrowhead). These motoneurones needed more current to reach their firing threshold than what would be expected if the motoneurones were purely passive (the difference between the theoretical current and the measured current was negative: −0.5 ± 0.4 nA, n = 4). These results support a role for a relative reduction of the persistent sodium current as a major mechanism of the development of hypoexcitability.
The lack of hyperexcitability is not due to anaesthetics: in vitro study of sacrocaudal motoneurones of mutant superoxide dismutase 1 mice
Our results show that lumbar motoneurones either successfully maintain their excitability or become hypoexcitable as suggested by their inability to produce sustained firing in response to ramps of current. Altogether these results indicate that lumbar motoneurones are not hyperexcitable in mSOD1 mice. However, we performed these experiments on deeply anaesthetized mice, and it has been shown that the anaesthetics that we used can suppress voltage-dependent currents that have a profound effect on the excitability of motoneurones (Guertin & Hounsgaard, 1999) . One might therefore wonder whether mSOD1 motoneurones could turn out to be hyperexcitable in non-anaesthetized conditions. For technical reasons, it is extremely difficult to perform intracellular recordings of adult lumbar motoneurones in conditions where no anaesthetics are used (lumbar cord in vitro or decerebrate mouse in vivo). Instead, we recently developed a preparation in which it is possible to record adult motoneurones in vitro in the sacrocaudal region of the spinal cord (Jiang & Heckman, 2006; . Even though we cannot record lumbar motoneurones in these conditions, tail muscles are atrophied and sacrocaudal motoneurones degenerate with a time course similar to the lumbar motoneurones in the SOD1 mouse model of ALS (Alves et al. 2011) .
The sacrocaudal motoneurones have been recorded in a restricted time window (P40-P50), i.e. just . A larger proportion of motoneurones cannot fire repetitively in mSOD1 than in WT mouse lumbar spinal cords A, distribution of input conductance (Gin) for different categories of WT (top) and mSOD1 (bottom) motoneurones aged between 34 and 82 days old. Solid bars correspond to motoneurones that were able to produce sustained firing, hatched bars correspond to motoneurones that fired only a few spikes, and crosshatched bars correspond to motoneurones unable to fire any spike during ramps of current. Pie charts indicate the proportions of each category among our population of WT (top pie chart) and mSOD1 (bottom pie chart) motoneurones. B, same organization as in A for a time window restricted to P34-P60. mSOD1, mutant superoxide dismutase 1; WT, wild-type. before denervation. They displayed smaller input conductances than lumbar motoneurones, but, as above, the motoneurone input conductance was 46% larger in mSOD1 mice than in WT mice (P < 0.001, one-tailed Wilcoxon-Mann-Whitney; Fig. 8A and Table 1 ). The plateau input conductance was also significantly larger in sacrocaudal motoneurones of mSOD1 mice (P < 0.001, one-tailed Wilcoxon-Mann-Whitney; Table 1 ).
As with lumbar motoneurones, excitability was assessed using slow ramps of current. Sacrocaudal motoneurones usually responded to ramps of current with the same clockwise ( Fig. 8Ba and Bb) or counter-clockwise hysteresis (not shown) as lumbar motoneurones. The recruitment current remained unchanged in the sacrocaudal motoneurones of mSOD1 mice compared to WT mice (Table 1 ). In addition, the F-I gain was not statistically different between mSOD1 mice and WT mice (Table 1 ). This suggests that excitability is maintained in these motoneurones. As in lumbar motoneurones, the lack of effect on recruitment current was not due to a decrease of the voltage threshold for spiking, nor to an increase in the resting membrane potential (see Table 1 ).
Similarly to lumbar motoneurones, a fraction of sacrocaudal motoneurones failed to respond to slow ramps of current (Fig. 8Ca) , despite the fact that they could fire one spike at the onset of a current pulse. These motoneurones were never able to produce a strong repetitive firing, even in response to a strong current pulse ( Fig. 8Cb ; eight of 27 in mSOD1 mice, four of 32 in WT mice, Fig. 8D ). Furthermore the input conductances of Figure 7 . Comparison of voltage trajectories before the first spike emitted in response to a slow current ramp in motoneurones able and unable to produce repetitive firing Traces were smoothed using a 10 ms window, aligned to the first spike (asterisk) and scaled so that the passive voltage trajectory (dashed line) was the same in all traces. The top trace corresponds to a mutant superoxide dismutase 1 motoneurone that was able to produce repetitive firing (same motoneurone as in Figs 2A and 3Cb) , the middle trace is from a wild-type motoneurone (same motoneurone as in Fig. 3Ca) , and the bottom trace is from the motoneurone in Fig. 5Aa. the motoneurones that were unable to produce sustained firing were distributed among the full input conductance range in mSOD1 mice whereas they were restricted to the highest input conductances in WT mice (Fig. 8D) .
Discussion
We showed that, in either the lumbar or the sacrocaudal region of the spinal cord, motoneurones of adult SOD1 G93A mice are not hyperexcitable. Instead, most of the motoneurones successfully maintained their excitability despite an increase of their input conductance. Their voltage threshold for spiking, their recruitment current and their F-I gain in the primary range were unchanged. Yet this excitability homeostasis failed in a substantial fraction of mSOD1 motoneurones, which lost their ability to fire repetitively in response to a quasi-stationary input, and therefore became less excitable. The lack of hyperexcitability was not caused by the use of anaesthetics, as we found the same results during in vitro experiments, in which no anaesthetics were used. Moreover, the lack of hyperexcitability cannot be explained by the death of the more excitable cells as, at the age at which our recordings were performed, no significant cell loss is observed in the spinal cord (Gurney et al. 1994; Chiu et al. 1995) . For the same reason, the increase in input conductance cannot be explained by the death of small motoneurones. In spinal motoneurones of neonatal mSOD1 mice, the increased input conductance was shown to be caused in part by morphological alterations (Elbasiouny et al. 2010) . Similar explanations might hold true in adults.
The excitotoxicity hypothesis in amyotrophic lateral sclerosis
The excitotoxicity hypothesis rests on several indirect findings, such as the fact that riluzole, the only drug shown to have a beneficial, albeit small, effect on the progression of the disease (Lacomblez et al. 1996) , is a glutamate release inhibitor and a blocker of voltage-activated sodium channels (Bellingham, 2011) , which could decrease glutamate toxicity. The excitotoxicity hypothesis has received a lot of support from the fact that patients with ALS have elevated levels of glutamate in their plasma and cerebrospinal fluid (Rothstein et al. 1990 ) as well as from transcranial magnetic stimulation studies in patients with sporadic and familial ALS (Vucic et al. 2008) .
So far, the excitotoxicity hypothesis has only been investigated in mSOD1 mice. It remains the best model currently available to study the progressive and selective motoneurone death, the hallmark of ALS, as other models (e.g. based on TDP-43 transgenes) do not adequately replicate some aspects of neuromuscular degeneration (Van Den Bosch, 2011) .
J Physiol 592.7
Motoneurone hyperexcitability: an early but transient event in mutant superoxide dismutase 1 mice Spinal motoneurones recorded in whole spinal cords in vitro or in culture from mSOD1 embryos have been shown to be hyperexcitable: they are recruited at lower currents and display higher F-I gains (Pieri et al. 2003; Kuo et al. 2005; Martin et al. 2013) . This is partly due to an upregulation of the sodium persistent inward current (Kuo et al. 2005) . In addition, the recovery from fast inactivation of the sodium current proved to be faster in mSOD1 motoneurones contributing to their hyperexcitability (Zona et al. 2006) .
At a later stage, in neonatal animals, both sodium and calcium persistent currents were shown to be upregulated (Quinlan et al. 2011) . However, this upregulation did not result in hyperexcitability as the recruitment current and The mean values are indicated by arrowheads. B, example of a sacrocaudal WT motoneurone that was able to sustain a repetitive discharge in response to a stationary stimulus. Ba, response (top trace) to a slow current ramp. The dashed lines indicate the onset and de-recruitment currents. Bb, F-I relationship of that motoneurone. Note that it displayed a clockwise hysteresis. C, example of a sacrocaudal mSOD1 motoneurone that was unable to produce sustained firing in response to stationary stimuli. Ca, this motoneurone was unable to fire a single spike (top trace) in response to a slow ramp of current (bottom trace). Cb, this motoneurone was nevertheless able to fire at most a doublet of spikes (top trace) at the onset of a square pulse (bottom trace). D, input conductances (Gin) of sacrocaudal motoneurones that fired (solid bars) or that failed to fire (crosshatched bars) during ramps in WT and mSOD1 mice. Pie charts indicate the proportions of each category among our population of WT (top pie chart) and mSOD1 (bottom pie chart) motoneurones. mSOD1, mutant superoxide dismutase 1; WT, wild-type. In each cell is given the average value ± S.D., the range of values, and the number of observations. Abbreviations: mSOD1, mutant superoxide dismutase 1; NS, not significant; WT, wild-type.
the F-I gain were the same in mSOD1 and WT mice (Quinlan et al. 2011) . Similarly, in another ALS model, the SOD1 G85R mouse, spinal motoneurones did not exhibit changes in rheobase or stationary F-I gain (Pambo-Pambo et al. 2009 ). This might be due to the fact that, at this time point, the input conductance of spinal motoneurones is significantly larger in mSOD1 mice (in both the G93A and G85R mutants) than in WT mice (Bories et al. 2007; Quinlan et al. 2011) . It thus appears that the upregulation of inward currents just compensates for the increase of the input conductance to preserve the net excitability.
This still holds true in adults as we have shown that excitability is unchanged in most spinal motoneurones despite the continuing conductance increase. The fact that the voltage upswing before the initiation of the first spike is larger in mSOD1 motoneurones compared to WT motoneurones strongly suggests an upregulation of inward currents. However, a substantial fraction of motoneurones was not able to fire in response to a quasi-stationary input (slow ramp of current) indicating that the homeostatic regulation of excitability has failed in these motoneurones. The fact that the voltage trajectory levels off just before emission of the first spike suggests that the upregulation of the persistent sodium current is unable to keep up with the increase in leak current in those motoneurones. Indeed, a deficit in persistent sodium current prevents repetitive firing of motoneurones but still allows spiking in response to transient inputs (Lee & Heckman, 2001; Kuo et al. 2006 ). However we cannot exclude a contribution from an upregulation of potassium currents. At this point in time, it is not possible to directly measure the amplitude of currents in adult mouse motoneurones. Voltage clamp recordings of spinal motoneurones are extremely difficult to perform in vivo and pharmacological manipulation of ionic currents cannot be achieved in these conditions. Moreover, we have been unsuccessful in performing reliable voltage clamp recordings of sacrocaudal motoneurones in our in vitro preparation.
Hypoexcitability occurred before the motor units have started to degenerate as we found that their neuromuscular junctions can still work normally. However, the reduced activity of hypoexcitable motoneurones probably does not cause the degeneration of neuromuscular junctions, as a block of the axons by TTX has no impact on the degeneration time course of neuromuscular junctions in SOD1 G93A mice (Carrasco et al. 2012) . One interesting possibility is that the hypoexcitability may help preserve motoneurone survival by restricting the calcium inflow to the cell body. On the other hand hypoexcitability would contribute to weak force production. Whatever the case, the progression of hypoexcitability within the motor pools might be considered as a marker of the disease progression.
In another model (SOD1 G127X mice), the input conductance was not increased in adults, but the excitability was also unchanged as the rheobase and the gain was not modified (Meehan et al. 2010) . In these mice, a secondary range of firing (i.e. an increase of J Physiol 592.7 the F-I gain following the primary range, supposedly due to activation of a calcium persistent current) was observed and appeared at lower frequencies in mSOD1 animals (on average 133 Hz) than in WT (167 Hz) suggesting an increase of the calcium persistent inward current. However, such high-frequency firing is probably unphysiological. In mouse motor units the tetanic force is reached near the transition between the subprimary range and the primary range, which occurs at much lower frequencies (32-75 Hz; Manuel & Heckman, 2011) . Our results differ substantially from those of Meehan et al. (2010) , as we observed a proportion of motoneurones that become hypoexcitable. However, the comparison between our respective results is difficult given the fact that they used a different model, in which the time of denervation is unknown. It is therefore possible that they have studied motoneurone excitability at a different stage of the disease.
Our present results, obtained in adult SOD1 G93A mice, demonstrate therefore that the hyperexcitability observed at very early developmental stages does not persist into adulthood. The transient nature of the intrinsic hyperexcitability in mSOD1 mice is not restricted to spinal motoneurones. It also occurs in hypoglossal motoneurones. However, the time course of the hyperexcitability may somehow be different than in spinal motoneurones. Indeed, hypoglossal motoneurones are hyperexcitable in neonates (van Zundert et al. 2008 ). However at end stage, they are no longer hyperexcitable; the recruitment current, the F-I gain and the intensity of persistent inward currents are the same in mSOD1 mice and in controls (Fuchs et al. 2013) .
Excitotoxicity might be induced by alterations of excitatory or inhibitory inputs to motoneurones
As spinal motoneurones are intrinsically hyperexcitable only transiently, weeks before they start to degenerate, it is unlikely that hyperexcitability contributes by itself to the degeneration process. However, excitotoxicity could still be induced by an alteration in the synaptic inputs received by the motoneurone, leading to an excessive excitation. A reduction of the inhibitory inputs or an increase of the excitatory inputs would lead to higher firing rates, thereby increasing the calcium concentration in the cytoplasm. Moreover, an increased glutamatergic excitation could by itself induce an excessive calcium influx through the AMPA/Kainate receptors because the GluR2 subunit is lacking in motoneurones (Rao & Weiss, 2004) . Evidence for alterations of both the inhibitory and excitatory synaptic inputs impinging on motoneurones, as well as the properties of their postsynaptic receptors have been reported (Carunchio et al. 2008; Jiang et al. 2009; Chang & Martin, 2011; Sunico et al. 2011) . Motoneurones are also under the external influence of neuromodulatory descending pathways that can affect their excitability and firing. In particular, spinal motoneurones are highly sensitive to serotoninergic inputs that tend to increase excitability through modulation of (among others) calcium-activated potassium currents, hyperpolarization activated inward currents and persistent inward currents (Perrier et al. 2013) . In our experimental conditions, these effects are minimal due to the depth of the anaesthesia (in vivo experiments) or absence of serotonin in the recording solution (in vitro experiments). Yet, motoneurones in ALS might not become hyperexcitable under the action of serotoninergic inputs as there is evidence that serotoninergic pathways degenerate in ALS (Sandyk, 2006; Dentel et al. 2013) . However, degeneration of serotoninergic axons could lead to a modification of postsynaptic receptors causing them to become constitutively active (Murray et al. 2010) , and eventually leading to spasticity (Bennett et al. 2001) . Evidence for this phenomenon has been found in ALS, but only at very advanced stages of the disease (Dentel et al. 2013) , which makes it unlikely a primary cause of the degeneration. Indeed, at the time points studied in our in vitro experiments, we did not find any motoneurones displaying the firing profiles characteristic of spasticity due to loss of serotoninergic inputs (type 4 F-I relationship in Bennett et al. 2001 ).
The superoxide dismutase 1 mutation affects all spinal motoneurones, regardless of their physiological type
There is a well-known relationship between the input conductance of a motoneurone and the physiological type of its motor unit: small motoneurones of slow contracting motor units (S) display the smallest input conductances whereas large motoneurones of fast contracting and fatigable motor units (FF) have the largest input conductances, motoneurones of fast contracting fatigue-resistant motor units (FR) being of intermediate size (Burke, 1981; Gustafsson & Pinter, 1984; Zengel et al. 1985 ; see also Manuel & Heckman, 2012b for preliminary data on mouse motor units). A salient result of our present work is that the whole spectrum of input conductances is shifted towards larger values. Moreover, the input conductances of motoneurones that turned into a less excitable state are distributed over the full range of input conductances. Hypoexcitability is therefore not restricted to a motoneurone subtype. Altogether our results strongly suggest that all motoneurones are affected regardless of the physiological type of their motor unit.
However, in SOD1 G93A mice, FF motor units degenerate first, followed by FR motor units; whereas S motor units do not degenerate (Pun et al. 2006; Hegedus et al. 2007 Hegedus et al. , 2008 . As the ratio of excitatory versus inhibitory synapses is larger in FF motoneurones than in S motoneurones (Conradi et al. 1979; Kellerth et al. 1983; Brannstrom, 1993) , we might speculate that FF motoneurones would be much more affected than S motoneurones by a shift in the balance between excitation and inhibition (Sunico et al. 2011) , which might explain their greater vulnerability.
